Abstract: New WWW technologies allow for integrating distance education power of WWW with interactivity and intelligence. Integrating on-line presentation of learning materials with the interactivity of problem solving environments and the intelligence of intelligent tutoring systems results in a new quality of learning materials that we call I3-textbooks. In this paper, we describe the development of ELM-ART, an I3-textbook for learning programming that can be accessed via Internet and that is based on the on-site learning environment ELM-PE.
From Simple Electronic Textbooks to Interactive Intelligent Textbooks
In the pre-computer society, a school or a university textbook used to be the primary learning support medium both in the classroom and at home. It is not surprising that several generations of researchers on computer use in education considered a textbook as a model for developing computer-based learning support tools. What is surprising is that a very big part of developed 'electronic textbooks' are no more than 'electronic copies' of printed textbooks: they offer the learner nothing more than access to the textbook content. Technically, current electronic textbooks (ET) are much better than their grandparents: first several 'interactive textbooks' [Boyle et al. 1994] , [Fowler & Fowler 1993] , [Meyerowitz 1995 [Lin et al. 1996] , [Nakabayashi, et al. 1995] , [Nkambou & Gauthier 1996] we have started to work in this direction. In the following sections, we will give an example of how our ideas of I3-textbooks can be implemented in the domain of learning programming. We describe our research work on the development and implementation of ELM-ART, a WWW version of ELM-PE, that is currently one of the most advanced intelligent learning environments for programming.
ELM-ART (ELM-Adaptive Remote Tutoring) From ELM-PE to ELM-ART
The knowledge-based programming environment ELM-PE was designed to support novices who learn the programming language LISP. It has several features that are especially useful when learning to solve problems in a new, complex domain. These features comprise a syntax-driven Whenever the user is asked to solve a programming task, analysis. If testing of a developed solution reports that it is still erroneous and the user is unable to find the error himself, he or she can invoke an intelligent program analyzer. As a result, the user receives messages that describe step by step which part of the code is erroneous and how to fix it [ Fig. 4] . Therefore, the user is supported interactively at any time in solving the problem by testing and analyzing the solution as well as by an interface to the evaluator to execute some piece of code.
This feature of ELM-ART ensures that the user will find a correct solution to any problem. This is important because users often tend to assume non-optimal or even buggy solutions to be correct. Doing so, the user will acquire incorrect conceptual knowledge. When the same piece of knowledge is required again for problem solving, the user may completely fail as a result of the acquired misunderstanding. The system even provides feedback, whether the solution is optimal, and, if not, it suggests improvements.
Implementational Considerations System Structure
Yielding in the goal of integrating as many features as possible, integrated textbooks make use of large textual databases for the actual textbook and of extensive knowledge bases about the subject for tutoring and example analyzing. For adaptation to individual users, knowledge about the user (e.g., the learner history) is required as well. I3-textbooks also employ several tools that require computational expensive algorithms handling the intelligent capabilities of the system. That is why fully featured intelligent textbooks are suitable only for expensive high-end computers. A reduction or limitation of any of these resources and features would not only result in a loss of comfort but also would lower the intelligence of the system. Since the user spends a lot of time in reading and thinking, the time between single user requests is rather high compared with computation periods caused by these request. Therefore, employing one high-end computer per student is an enormous waste of computational power and of physical resources. The only way to avoid either a loss of quality or a waste of money is distributing the system following the well-known clientin the evaluator at any time to see how the incorrect results are computed. This simple facility implemented in ELM-ART has been proved to be very powerful in several tutorial systems (e.g., [Barr et al. 1976] , [Weber & Möllenberg 1995] ).
Intelligent Program Analysis
According to our general approach, our I3-textbook includes an intelligent environment that supports problem solving. For this reason, all programming problems are described in the textbook. Any page describing a programming problem supports the user in different ways.
In addition to testing and evaluating code as described above, the user is supported by intelligent program server paradigm.
If we want to provide world-wide availability of I3-textbooks, the WWW is definitely the best choice to do that. This worldwide information service is supported by several front-end clients on nearly all common computer systems. Since these WWW-browsers can be run with small amount of memory, disc-space, and computational power, this kind of interface provides cheap world-wide access.
Platform of ELM-ART
ELM-ART is implemented based on CL-HTTP described in [Mallery 1994] . This tool provides a fully featured HTTP-server completely implemented in Common LISP and has shown to be an optimal platform for our purposes. Because the communication between client and server is so flexible, the system can be highly interactive and adaptive meeting exactly the requirements of I3-textbooks.
Selected Examples
The possibilities rising from a programmable WWW-server are enormous and not at all exhausted by ELM-ART. By explaining some special features integrated into our implementation we want to give an impression of the facilities that concern advanced adaptive text display, higher interactivity with complex data, integration of e x t e r n a l t o o l s , a n d e n h a n c e d f e e d b a c k ) .
Adapting Pages. This is facility is the basic part of our I3-textbooks. We avoid static pages as in older textbooks and make them adaptive by computing the page on the fly when the user requests it. For this purpose, our actual textbook is represented in a database that can be accessed via page identifiers to receive an outline page.
These outline pages contain--besides the textual information--adaptive formatting options to enable the system to build an HTML-page based on the user's interaction and learning history. When the page is created it will be sent to the user who will not notice at all that the page was just generated for his or her individual purposes [ The system ELM-ART described in this paper provides an example of a new kind of an electronic textbook. As many others textbooks available today on the WWW, ELM-ART provides remote access to a hypermedia-structured learning material which includes explanations, tests, examples, and problems. Specific features of our system include the possibility to play with examples, to solve the problems, and to get intelligent support which usually can be provided only by a human teacher. ELM-ART integrates the features of an electronic textbook, a learning environment, and an intelligent tutoring system. It is a real I3-textbook (i.e., integrated + interactive + intelligent textbook). We consider adding interactivity and intelligence to WWW educational applications to be an important direction of research.
